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FULL-SCALE INVESTIGATION OF BOUNDARY—ILAYER
CONTROL BY SUCTION THROUGH LEADING-EDGE SIOTS ON A
WING-FUSELAGE CONFIGURATION HAVING 47.5°
LEADING~EDGE SWEEP WITH AND WITHOUT FLAPS

By Jerome Pasamemnick and Thomss B. Sellers
SUMMARY

The effects of suctlon through slots located at the %-—percent—
* chord and %—percent—chord stations on the longlitudinsasl asrodynamic
characteristics of 47.5° sweptback wing—fuselage oonfi:gura.tion with and
- without flaps have been investigated in the Iangley full—scale tumnmnel

at an average Reynoldes number of 6.1 X 106. The wing sectlon normal to
the quarter—chord line was NACA 6L;A112, the aspect ratio was 3.L, end

the taper raetioc wes 0.51.

The maximm—1ift coefflicient of the plain wing without suction
was 1.03 and the application of suctlon at a high flow rate Incrsased
the maximmm 11ft to 1.20. The wing in the ssaled and faired condition
was longlitudinally umnstable at stall, but wilth suction applied along
the outboard T3-percent span at the most forward leading—edge slot

(%— percent chora.) the Instebllity near maximmm 11f% was eliminated.

Applying suction at a high flow rate along the outboard 50—percent wing
span with this slot resulted In a maximm-1ift coefficient of 1.13 and
longitudinal stabllity throughout the 11ft range.

The installation of split flaps resulted In maximum-1ift values
gimilar to the unflapped wing with and wlthout boundary—layer suction
and was longltudinally unsteble for all conditions investigated.

- The 4T—percent—span, 59-percent—span, and Ti—percent—spen exten—
sible leading-edge flaps combined with suction (% —percent—chord slots)

UNCLASSIFIE
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at a high flow rate gave maximm-1ift increments of 0.06, 0.03, and 0.08, -
respectively, so that meximm-11ft coefficients of 1.19, 1.21, and 1.26

resulted for the respective flap arrengements. The smeller—span leading-—
edge—flap conflgurations were longltudinally stable at the stall for the
conditions with and without suction; whereas the Ti—percent—span—flap
configuration was longlitudinally stable only at a high—suctlon—flow

rate.

INTRODUCTION

The 1ift and stability characteristics of thin sweptback wings are
relatively poor as a vresult of leadling-edge separatlon and thick boundary
layers developed over the tlp sectlons. The use of devices such as
leading-edge flaps as a means for delaying separation (reference 1) has,
in general, shown improvements in the inherently poor low—epeed charac—
teristics of thin swept wings. In addition to the use of flaps, the
application of suction at the approximate midchord positlon on a thin
two—dilmensional alrfoll (reference 2) and leading—edge area suction on a
the same model (reference 3) has also improved the section 1ift charac— .
teristics but, as yet, very few date are avallable wlth boundary-layer
control on three—dimenslional wings. A program was undertaken sometime “
ago at the Langley full—scale tumnel to evaluate the effects of varlous
combinations of high—1ift flaps and the application of boundary-—layer
control by suctlion on the longltudinel stablllty and 11ft characteristics .
of & thin highly sweptback wing.

The model investigated had & wing leading-edge sweep of 47.5°, an
aspect ratio of 3.k, a taper ratio of 0,51, and NACA 641A112 airfoll

sections were normal to the quarter—chord line.

The initial phase of the general program was to Investlgate the
effectlivenese on the aerodynamic charecteristics of suction slots at
the 20-percent—chord, 40—percent—chord, and TO—percent—chord stations
along the outboard half of the wing span (reference 4). These results
indicated that sepsratlion occurred at the leading edge and showsd the
necesslty of applylng suction near the wing leading edge. The experli-—
mental results of reference 5 further Indicated that a suction slot
located 1mmedistely rearward of the peak mnegative surface pressure would
help to eliminate leading—edge separation. The full-secale~tunnel pro—
gram was, therefore, extended to investigate the control of leadlng-edge
separation by suction and the results of the investigatlon are presented -
herein. The slot locatlon required for this control 1s known to be
dependent upon the variations of the pressure distributlon or angle of
attack and, from the two—dimensional data of referemce 5, 1t 1s seen -
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* that a suctlon slot at 01'- very near the %—percen‘b—chord_ gtatlon was
effectlve 1n improving the section 1ift characterlstics, The slots for
the tests presented hereln were therefore located at the %‘—percent—
chord and the Eé—percent—chord. statlons and were :anestiga:bed. Indi-—

vidually or iIn combination with the LO—percent—chord suctlon slots and

with split treiling-edge flaps. The 2]2-'—percent—chord. slot was slsc

investigated in combination with the extenslble leading-edge flaps.

The average Reynolds number for the tests with suctlon was 6.1 X 106
and the Mach number was spproximately 0.10.

- SYMBOIS
CT, 11t coefficlent (——I'—)
t
c1 section 1Pt coefficient | cos « P E;
c
Cp drag coefficlent (l-)
oS
Cm pitching-moment coefflcient (—M—:)
g,5¢
Cq suctlon—flow coefficlent S
VoSt

pressure—loss coefflcient (%

P —Pq
P pressure coefficient T

L 1ift, pounds
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sectlon 1ift, pounds

drag, pounds

pitching moment; positlve when moment tends to Increase
angle of attack, foot-pounds

total wing area, square fest

wing area affected by span of suctlon slote,
square feet

free—stream dynamic pressure, pounds per square
foot (!2'- OVOE)

mass denslty of air, slugs per cublc foot

" free—stream veloclity, feet per second

wilng chord measured perpendicular to quarter—chord
line, feet

wing chord measured parallel to plane of symmetry, feet

wing mean serodynamic chord measured in plane parallel
b/2
to plane of symmetry, feet % c'EGy

total quantity flow through suction slots, cublc feet
per second -

free—atream total pressure, poumds per square foot
total pressure Inslde wing duct, pounds per square foot
local stetlc pressure, pounds per square foot
free—atream statlc pressure, pounds per square foot

Vol
Reynolds number (po o )
13

coefficient of viscoeity, slugs per foot-—second
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x distance measured parallel to plene of symmetry, feet

N2 ' distance measured perpendicular to plsne of symmetry,
feet

b wing span measured perpendicular to plane of symmetry,
Teet

Q angle of attack of wing chord line measured In plemne of

symietry, degrees
MODET,

Generel dilmensions of the model are glven iIn the three—vlew drawing
of Pigure 1, and figure 2 presents a photograph of the model mounted
in the Tangley full—scale tummel.. The wing leadlng-edge sweepback
was 47.5°, the aspect ratio was 3.4, the taper ratio was 0.51, and the
alrfoil sections normal to the quarter—chord line were NACA 6’1]}\112. The

wing pesnels were mounted in a low mldwlng posltion &t zero incidence on
a circular fuselage end had no geometric dlhedral and no twlst.

" The auxiliary high—1ift devices tested in conjunction with boundery-—
layer éontrol conslsted of extensible leadlng—edge Tlaps and split
trailing-edge flaps. Details of the flaps are glven In flgure 3. The
oxtensible leadingedge flaps were 10-percent chord and extended over
the outboard 47, 59, and Th percent of each wing pemel and were deflected
127.5° from the wing chord line. These leading—edge flaps were faired
into the wing surface end, for these particuler confligurations, 1t wes

not possible to test the flaps in conJunction wlth the %—percent—chord.

slots. The 20—percent—chord split flaps extended outboard from the
12—percent—semispsn statlion to the 56—percent—semispan station and were
deflected 60° from the wing chord line (msasured in a plane parallel to
the plene of symmetry).

Boundary—layer suctlon was applled at the wilng upper surface through
slote located at either the 0.005¢c or 0.025¢c, and In combination with
slots at the 0.40c stations (fig. 3). The leading—edge slots spamned
the outboard T3 percent of each wing panel and the LO-percent—chord slots
extended outboard from the 51-percent—semispan station to the 9U—psrcent—
semispan station. The area affected by the T3-percent—span leading-—
edge suction slots was 67.k percent of the total wing area. Sealing
the inboard 23~percent span of these slots reduced the affected wing
ares to L40.7 percent of the total wing area. The slots discharged the
alr into a single box—beam type of passage that was used as & duct to
the axial—flow blower housed in the fuselage (flg. 4 of reference k).
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Flow quantitles were determined from e large number of total— and
static—pressure measurements In the annulus shead of the axial—flow
blower. It would have been desirable to have obtalned pressure measure—
ments in the slot diffuser along the span, but such instrumentation was
not installed In the model and, therefore, the pressure—loss coeffi-
cilents Cp were determined from total-pressure measurements obtained

at the wing—fuselage juncture of each wing peanel, where the total pres—
sure was essentlally static pressure because of the low velocity. From
the results of the investigation rsported in reference 4 1t was evident
that pressure—distribution data over a few spaenwlse statlones would be
most useful in the Interpretation of the wing—etall progression and In
the evalustion of the local influences of boundary-—lsyer suction. Alr-
foll surface pressures (msasured in a plane parallel to the plane of
symmetry, table I) were measured over the left wing pemel by flush ori—

fices located at the 0.3’4—2—, 0.53-;—’{ 0.73%, and 0.93-% stations.

TESTS AND METHODS

The tests to determins the effects of leading-edge suction on the
longitudinal aerodynamic characteristlics of the model were made on the
six—component—balance system of the Langley full-scale tummel. Force
deta, airfoll pressure distributions, and upper—surface tuft observa~
tions were obtalned at gzero yaw over a range of angle of attack from
small negative angles to the asngle for maximum 1lift (except for two
conditions where the maximum 1ift was not clearly defined).

Boundary—layer suction data were obtalned with slots located at
the 0.005¢ and 0.025c¢ stations, smd these slots were Ilnvestigated
separately and in combination with the 0.40c slot installation. A few
tests wore made to determine the effects of reducing the spanwise extent
of the 0.005¢c leading—edge slots by seallng the inboard 23-percent span
of these slots. The effects of sudden loss of boumdary-leyer suction
gimileting a power faillure by having the slots open and allowing the
blower to windmilll were Investigated for the plaln—wing configuration

having the 0.733 0.005¢ slots. Because the 0.71321 extensible leading—
edge—flap installatlon wee found to produce the highest Cy and

longltudinal stability at stall when combined wlth suctlon at the
0.025¢c slots, a similar power—fallure test was conducted.

A few exploratory tests were made to determine 1f there were any
apprecliable low-gpesed scale effects for the plaln wing and the wing

with split flaps without boundary—layer control from 2.2 to T.5 X 10
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and from 2.2 to 6.1 X 106, respectlvely. The tests to Investigate

boundsry—layer suction were made at a Reynolds number of 6.1 X _;Qia_nd
a Mach number of about 0.10.

The operational cheracteristics of the large (3—foot—dia.metei-),
single—stage, axlal—flow blower used in this investlgatlon were such
that, to obtain the required pressure rise, relatlvely large alr quan—
titles were drawn through the system. The attempts to control the
quantity st any condltion by throttling or auxlliary bleed were not
.successful because of the accompanled reductions In pressure rise, and,
in some instances, even for an unthrottled condlitlon, the fan was
recelving insufficient alr—flow quantity for maximum pressure rise. Im
all cases, the Tlow rates that were encountered are greater than those
recorded in two—dimensionsl Investigations (references 3 and 5). The
tests were run at constant spesds of either 3000 or LOOO rpm producing
total—suction—Flow coefficlents of ths_order-of-0.0Ql to about. 0.035
and pressure—loss coefficients from about 4 to 10 over the complete
range of engle of attack, and these data are presented wlth the force
data. The zero—flow—rate condltlon represents the configuratlon with
the slots sealed and faired to a smooth contour with the wing.

RESUITS

The deta have been corrected for jet—boundary effects (as deter—
mined from the straight-wing method of reference 6), blocking effects,
stream alinement, snd spproximste wing—support interference. Tn addi—
tion, a drag tare correction has been appllied to compensate for the
effects of the alr—Jet thrust due to the blower operatlon. The drag
coefficlents, as presented In the figures, ere the mesasured cosefficlents
of the extermal drag of the wing—fuselage comblnation and do not include
the blower—power drag coefficlents. In determining the section 1ift
characteristics, a chsck of the chordwise—force component In the high
angle—of—attack range showed that it could contribute only 3 psrcent to
the 1i1ft snd this component was therefore neglected.

In any comparison of these resulits with those of the Investigation
presented in reference 4 it should be noted that the aspect ratio of
the model was reduced from 3.5 to 3.&2, the taper ratio was changed
from 0.50 to 0.51, and the locatlon of the quarter chord of the mean
aerodynamic chord was shifted slightly forward. These plan—form varla—
tione dld not appreciaebly affect the 1ift end drag characteristics but
d1d affect somswhat the longltudinal stabllity charascteristics of the
modsl.

The surface-pressure results presented were obtalned at only four
spanwise stations; hence they are not sufficiently extensive for a
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loads analysie but do provlide some detalled information regarding the
flow phenomens for the condltions Investigated. TIn all cases with the
semispan split flape deflected, section 11ift coefficlents are not pre—
gented for the two 1nboard stations because of the absence of pressure
measurements over the rearwerd part of the wlng and flaps; however, the
alrfoll surface pressures are presented to show the immortant effects
in the reglon of the wing leading edge.

A summary of the meximm-—11ft results and the longltudinel sta—
pllity characteristics for the wing configurations tested asre presented
In table II. TIn order to facilitate the discussion of the results, the
data are arranged in the followlng order of figures. The resulis of
the Reynolds number tests for the plain wing and the wlng wilth split
flaps are presented in figure 4. Figures 5 and 6 present force-test
data and visual tuft dlegrams for the plain-wing configuratlion wlth and
wlthout boundary—lsyer suction and verlous slot locations. The split—
flap tests with suctlon at the 0.005¢ slot and the combination of the
0.005¢ slot and the 0.40c slot are shown in figure 7, and the associ—
ated stall dlagrems are given in figure 8. Force—test data and flow
diagrems for the condition with suction at the 0.025¢ slots, and the
combination of the 0.025¢ slot and the 0.L4Oc slot, and with extemsible
leading—edge flaps esre glven in figures 9 end 10. Airfoil-surface—
pressure data for the plain wing and the wing wlth split flaps are pre—
sented In figures 11 and 12 for the conditlons wilith and wlthout boundary—
layer suction. Summary curves of section 1ift data as obtained by inte—
grating the chordwise-surface pressures for several Reynolds numbers are
glven 1n figure 13 for the plein wing and for the wing with spllt flaps.
Figure 14 presents section 1ift data for the plain wing and the wing
wlth spllt flaps showlng the effects of leadlng—edge suction. The
effects of the extenslble leading-edge flaps without bowmdary--layer
control on the ‘chordwise—pressure dlstributions are glven in filgure 15.
The effects of suction—power failure on the characterlstics of the

model for the plain wing and the wing with 0.71% extensible leading—
edge flaps are given in Ffigure 16. '

DISCUSSION

Reynolds Number Effect

In order to determine if there were amy scale effects In the low—
speed. renge on the characteristics of the present wing, prelimlnsary
tests were made for the plain wing and the wing wilth split flapas and
slots in the sealed and falred condltion. The resultes Indlcate that
varylng the Reynolde number had no appreciable effects on the 1lift and
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drag characteristlica of the model in the low— and moderate—lift—
coefficient renge. The greatest increase in the maximum—lift coeffi—

clents occurred between Reynolds numbers of 3.0 X 106 end 5.2 X 106,

and the results of Figure Ut show increments of ebout 0.0k and 0.09 for
the plain wing and the wing with split fleps, respectively. The section
1ift plots of filgure 13 also show the smell influence of Reynolds num—
ber, in the range investigated, on the 11ft characterlstlcs and these
results are consistent with the trends shown in figure L,

The shape of the pitching-moment curves in the low— and moderate—
lift—coefficient range wae not significantly Influenced by Incressing
the Reynolds number; however, the unsteble break In the moment curve
occurred at Incroasingly bhigher 1ift coefficlents between Reynolds num—

bers of 3.0 X 106 and 5.2 X 106. For all condlitions, the sudden Ilnsta—
" billity in the high—11ft renge is closely related to the point on the
11Pt curve where Initial decrease in lift—curve slope occurs and where
the drag—coefficient—curve slope increases rapidly.

Characterlstics of the Plain Wing

The maximm—I1i1ft coefficlent of the plain without bowmdary—
layer control was 1.03 at an engle of attack of 21°. Tn the low—tlft—
coefficient renge, the lift—curve slope as calculated from simple sweep
theory (0.057) is in good agreemsnt with the results of figure 5 (0.05L)
end the plbtching—moment chasracteristlcs &bout the quarter chord of the
meen serodynamic chord in this lift—coefflcient renge show stetlc sta—
bllity. Between 1ift coefficients of 0.6 and 0.8, the tuft dlagrams
(fig. 6) end the airfoll surface pressures (fig. 11) indicate the flow
over the tip sectloms to be disturbed, end & separation bubble was

evident et the leadlng edge of about the 0.93]29- statlon., The presence

of thils bound reglon of separstion at the leading edge causes an
Increase in the local—sectlon—1ift coefficlent as has been shown pre—
viously 1n the investigation of reference 7. Thls increase In 1ift over
the tip produces the Increased stabllity shown In the 1ift—coefficlent
range of about 0.9 (flg. 5). As the sngle of atback increases further,
the rapid progression of separ=mtlion over the entlre tip produces a

vory sudden loss of 11ft over the outboard sectlons, and, therefore,

the severe longltudinal instsbllity prior to Clmaxe

The results with boundary—lasyer control (fig. 5) show that suction
Increased the maximum—11ft coefflclents from 1.03 to 1.12 and to 1.20
at blower speeds of 3000 and 1000 rpm, respectively, for either the
0.005¢ or the 0.025¢ slot arrengemsnts. In the angle—of—attack range
prior to Clm, the 11ft coefficlents with boundary—lasyer control at
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the 0.005¢ statlion were slightly lower than those for the sealed wing.
The reduction in 1ift 1s attributed to the fact that suctlon prevented
the formation of leadlng-edge separation end thus eliminsted the addi-
tional increment of 1ift which bad occurred at the tlp sections for the
baslic wing. The linear portions of the 1lift curve were, however,
extended to higher angles of attack and, for the 0.025¢ slot conf.gu—
rations, suctlon glightly increased the slope of the 1ift curve. The
application of suctlon at the 0.005¢c hed no appreclable effects on the
plitching-moment characteristlcs of the wing in the low—lift-—coefficlent
range. In the moderate— and high—lift—coefflclent range, however,
suction was effective In eliminating the leadlng-edge separation bubble
at the tip and, therefore, prevented the sudden stabilizing tendency pre-
viously shown for the plain wing. The flow over the tips was sufficlently
controlled to produce more deslirable pliching—moment characteristice at
meximum 1ift. The flow dlagrams indlcate that Initlal stall cccurred
over the rear portlons of the tlp sectlons and spread inboard along the
rear portion of the wing. At angles of attack mear Cg s Intermittent

stell occurs at the leading edge, which probably 1s responsible for the
momentary instabllity indicated for this conflgurstilon.

The effectiveness of suction (0.005c slots) on the leading-edge
flow 1s shown by the section 1ift plots (fig. 14) to be variable over
the span and, from such information, 1t should be possible to ascertalin
the variations 1n spanwise control of suction flow which would be
requlred for mexdmum effectliveness. However, these results show that
at the higher engles of attack, which 1s the most significant range
under conslderation, with the lower flow rate (3000 rpm) more 1lift was
produced over the Inboard sectlons; whereas a greater flow rate weas
necesgary over the outboard sectlions to provide any substantlial Increases
in 1ift. The greater effectlveness of the lower—suction condlition over
the inboard section would not normally be expected but the followlng
offers a posgible explanation for thls effect. The average plenum—
chember pressure—loss coefficient Cp (fig. 5(a)) 1s about 10 and 6
for the HOO0O— and 3000—rpm suction condltions s respectively. The greater
suction condition, in general, produced the required pressure drop to
induce inflow along the span of the wing and the lower pressure—loss
coefficient (Cp = 6 for 3000 rpm), however, was unable to satisfy the

pressure differential requlred for Inflow at the Inboard sections. As
a result of the spanwlse varlatlon iIn the surface pressures, which can
be found from a careful examination of figures 11l(c) amd 11(d), in

partlicular the pressures at the 2J§‘-—percent chordwlse statlon, 1t is

concelvable that alr was sucked intc the slots along the center and out—
board sectlone and blown out of the slots along the Inboard sectlons.
It 1s possible that the ocutflow would produce the effect of a local

increased ceamber of the inboard sections (fig. 11(d)} s 0.314% and thus
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an increase In 1ift over the forward portion of the alrfoll and some
forward shift of the cember of pressure. The wing was about neutrally
gtable up through the stall for the lower suction condition of 3000 rpm,
although there was soms destabllizing moment shift In the higher 11ft—
coefficient range as compared to the higher suctlon condltion, which is
believed to be caused by the forward movemsnt of the center of pressure
agsoclated with the outflow over the inbosrd portlons of the slot.

Tt should be pointed out that In the moderate—lift—coefficient
rangs the sectiom—lift data presented in figure 1k indicate an increase
in 11ft due to suction; whereas the force dete presented in figure 5(a)
indicate & decrease in 1ift due to suction. A reason for this discrep—
ency could not be determined. IFf 1t 1s assoclabed with soms measuring
inaccuracy, some of the preceding discussion of the possible flow phe~—
nomena might lose its significance. It 1s recognlzed, In any case,

" that this discusslon is only tentative, although 1t is felt that the
general epproach ls reasonsbly correct.

The previous results have shown that suction at the leading edge
of the outboard 73 percent of the wing spsn appreclably Ilmproved ths
longitudinal stebllity characteristics of the model, but the stall which
occurred &t high 1ift coefficlents over the outboard sectlons was not
elimineted. The Inboard 23 percent of the 0.005¢c slots were sealed, and
the results (fig. 5(a)) indicate that, although the maximm 1ift was
reduced from 1.20, for the wing wilth T3—percent spen 0.005¢ slots, to
1.13 (at kL0OO r_pms the model has more stable pitching-moment character—
istics over the lift—coefficient range including a very stable pltching
tendency near Cly,y+ The greater breakdown in the 11ft over the

inboard sections, for the small-span slot configuration in comparlscn
with that for the large—spen slot conflguration, resulted in a sta—
bllizing rearwerd shift of the aercdynamlc center and a net decrease
in total 1ift.

Suction—slot locatlion has been shown in the two—dlmensionsl tests
of reference 5 to be of primary importance for the control of leading-
edge separation on a thin airfoll at high 1ift coefficlents. The pres—
ent investligation with suction at the 0.025c slots also clearly Indi-
cates the signiflcance of slot locatlon. The pltching-moment curves
of figures 5(c) and 5(d) show ebout the same trend of stabllity as for
the basic wing, which was characterized by a rapld Increase in stabllity
* before maximim 11ft followed by amn abrupt Iinstebllity mear Cr,,,. The

pressure—~distribution data of figure 11 indicate that Immedlately behind
the pesk negetive pressure there is an extremely steep adverse pressure
gradlent and, 1n order to malntaln any control of separatlon, a suction
glot must be well forwerd in the reglon of the steep adverse pressure
gradient. The flow dlagrams (fig. 6(b)) show that suctlon through
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the 0.025¢ slots dild reduce the spanwise flow of the boundery layer in
the region behind the slot but was ineffective in delasying the onset of
leading-edge separetion end tip stall.

In the attempt to reduce the temndency for tralling-edge separation,
suction et the 0.L0c slot, in addition to the 0.005¢ slots, d4id not pro—
vide any further improvement of the stabllity of the model iIn the high— °
11ft range (Pig. 5(b)) for the lowen-flow-rate condition end wes detri—
mental for the higher—flowrate condition. It is probable, however,
that the 0.005¢c and the 0.40c slote in combination msy have functioned
more effectively if the flow through each could have been controlled
independently because theres was evidence of outflow at the forward slot
due to the over—ell reduction of the plenum—chamber suctlon pressure
whenever the 0.40c¢ slots were in operation. The stelling patterns
(fig. 6) for this slot combination were similar to that of the basic
wing which showed predominant leading-edge stall.

Characterlistics of the Wing with Split Flaps

The basic wing equipped with split flaps produced a maximm—lift
coefficient of 1.05 (fig. 7) and the longltudinal stabllity character—
1gtics are similar to those for the plein wing wlth the lnherently
abrupt Instabllity cccurring near CI! « Boundary-lsyer control at
the 0.005¢ slot increased the maximm—l1ift coefficlent to 1.12 asnd 1.21
at blower operating conditions of 3000 and 4OOO rpm, respectively. With
suction control employed, the longitudinal stebllity was improved in the
low— and moderate—lift range, but near Clmax the pltching-moment

characteristics were unsteble. The tuft dlagrams (fig. 8) snd the sur—
face pressures (fig. 12) show the flow pattern to be typlcal of that
for the plain wing wlth =mnd without boundery-layer control. The appli-
cation of suction at the outboard half of the 0.005¢ slote wilth or
without the additiomael 0.L4Oc slots did not improve the 1ift or stability
characteristics of the wing with split flaps.

Characteristics of the Wing with Extenslible ILeadlng—Hdge Flaps

The maximm—1ift coefficient of the wing with 0.1#7% leading-edge
flaps without boundery—layer control wes 1.1l3 (fig. 9(a)). Extending
the flaps to 0.598- and. 0.71&;2tl (figs. 9(b) end 9(c)) increased the maximm—

11ft coefficient to 1.18 in each case. The pitchingwoment character—
1stics of the o.h"(‘ei and 0.59 leading-edge flaps were stable st the

maximm 11ft but, for the 0.59;l flape leadlng edge, there was a tendency
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for instability prior to the sbteble breek st maximum Iift. The flow
disgrams of figure 10 indicate that Initilel stall occurred at the
inboard end of the flaps as a result of the dlsturbance created by the
plan—Form discontinuity at the inboard emnd of the flap. The stable

pitching moment at Cr for the 0.1{-72- and 0.592— leading—edge—Flap

- configurations resulted from the combination of the clean—up of the tip
flow and the growth of stall inboard. The airfoll surface pressures
also show that the extensible leading—edge flaps eliminated the steep
adverse pressure gradlents and reduced the peak pressure coefflclemnts
which occurred for the plain wing (fig. 11) at each spanwlse station

covered by the flaps. When the £lap span 1s Increased to 0.71%, a very
stable curve was obtalned prior to a very sharp umstable bresk at stall,

which was charsacterlstic of the stall of the plain wing. The increased
- stabllity near Cr,,, results from the loss of 1ift at the inboard

sections where Initial stall occurred. As the engle of attack is
increassed further, the control of the flow over the outboard sectlons
15 lost and +t1p stall predominated to produce abrupt Instabllilty.

The addition of boundary—layer suction at the 0.025c slots at the
high flow rate produced no appreclable effects on the longltudinal sta—

bllity of the model with elther the O.ll-"{leL or the 0.59% JeadIng—edge

flaps. Por the reduced suctlon—flow condltion, however, there 1s indl-
cation of 1lmprovement In the stablllity near Clm. With suctlon at a

high flow rate, higher 1lift was melntalned over the outboard sectlons
which produced the stabilizing pltching tendency prior to CIM: but

stalling eventually progressed outwerd from the Inboard end of the

f£lap (fig. 10) and was not influenced by the suction, and this produced
a momentary instabillity lmmediately before a stable stall. It is prob—
able that suction at the lowsr flow rate did not control the separation
at the tilp so effectlively which ultimastely produced s smoother stehle
pitching-moment curve in the high—I1ift range.

Suction at the maximum flow rate provided stabllity to CIma.x for
the larger 0.71&.-3- leading—edge—flap configuratlion; however, 1t was not

defined beyond this point. Suctlon at the lower flow rate was unsble
o delsy tip stall and therefore instabllity occurred at C]:m. The

addition of suction at a high flow rate through the 0.40c slots, as well
as the 0,025¢ slots for the O.T’-I% leading—edge—flap configuration, pro—

duced stabllity to maximum 11ft; however, 1t was not defined beyond this
polnt. This combinatlion alsc gave a maximum—lift coefficilent of 1.29

which was the highest obtalned for this configuration. The flow dlagrams
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of figure 10 Indicate that the flow over the reglon behind the slotes was
greetly lmproved and the stall was restrlicted to the Inboard sectlons of

the wing. However, for the configuration with split flaps and O.Th—g

extensible leading—edge flaps (fig. 9(c)) in conjunction with suction
resulted In a maximm-11ft coefflclent of 1.32, end longlitudinel inste—

bility at Cp___.

. . Effect of Power Fellure

Suctlon—power fallure with the slots open would reduce the maxIimum—
1lift coefficlents of the plaln wing snd the wing with 0."{% extensible

lesading-edge flaps by 0.2l and 0.17, respectlvely, and the values
of CI! thus obtelned are less than those for the sealed wing con—

flgurations (fig. 16). The measured drag in the low—Ll1ft range was
espentlally unaffected for the slots—open fan—inoperative condition but,
at a Cp, of 0.3 or 0.5, depending upon the flap configuration, the drag
for the fan~inopersative condition increased repidly. In the high angle—
of-attack range near Cg the effect of suction fallure 1ls to increase

the drag coefficient about 0.120 which, for the flap-deflected configu—
ration, represents over a 50-percemnt drag increase. Except for the
reduction in the maximm-117t coefficlernt, the sudden loss In the suctlon
power on the plain wing and the 0.005¢ slots Installed would not decrease
the stablllity or introduce instaebility at stall, although a small trim

shift would occur. For the wing with the 0.71% leading—edge flaps and

the 0.025¢ glots the sudden power fallure would be appreclably more
serlous. For operatlon near CIma.x there would be & large trim shift

end a recurrence of Instabllity as a result of the loss In 1i1ft over the
tip sections. In the event of suction—power failure, 1t would be advis—
able Lo have a devlice whereby outflow would be eliminated.

Drag Coefficlents

Boundary—layer control at the leadlng edge reduced the messured
external drag coefficlents in the high-11ft range but 414 not appre—
clably change the drag in the low— and moderate—ll1ft range.

The drag coefflclente presented in the data flgures, as has been
noted., do not include the blower—power dreg coefficients and, if 1t 1s
of interest to determine the total-drag coefflclents for the condltions
with boundary-layer control, the drag coefficlent equlvalent to the



NACA RM I50B15 15

power required to dlscharge the alr removed from the boumdery leyer at
free—stream total head must be included. (See reference 8.) It is
gpparent that leadlng—edge suctlon slots located in a region of high
negative pressures would produce, falrly high—power drag coefficlents.

SUMMARY OF RESUILTS

The resulits of the investigation 1n the Langley full-scdls tunnel
of the effects of leadling-edge boundsry—layer suction with high-1ift
devices on the serodynamic characteristics of a 47.5° sweptback wing
are summarized as follows:

1. Change In Reynolds mumber from 3.0 X 106 to 7.5 x 1006 end

from 3.0 X 106 to 6.1 x 106 Ffor the plain wing and the wing with split
Tlaps, respectively, had no appreciable effects on the 1ift and drag
charecteristlics of the model. The abrupt Instablllity which occurred at
Initial stall was progressively shifted to higher 11ft coefficlents

bétween Reynolds numbers of 3.0 x 106 and 5.2 x 106.

2. The maximum—11ift coefficlent of the plain wing without boundary—
leyer control was 1.03. Applyling suctlon at the maximm flow rate at
the 0.005—chord slots or st the 0.025-chord slote increased the mexImmm—
11ft coefficient to about 1.20. The model wae longltudinally stable at
the meximum 11ft for the 0.T73Ppercent span 0.005-chord slot configuration
although a slight instabllity occurred prior to the stall. Suction
applled along the outboard 50 percent of the wilng spasn of the 0.005—
chord slots resulted in static longltudlnal stabillty through the 1ift
rangs and at a maximm—I1ift coefficlent of 1.13.

3. The maximm—lift coefficients of the wing with spllt flaps,
with and without boundary-lsyer suction, were of the same magnitude as
the plain wing end suctlon did not Improve the longltudinel stablllity
characteristics of the modsel.

k., The 0.47 semlspan, 0.59 semlspan, and 0.T4 semlspaen extensible
leading—edge flaps, combined with suction at the 0.025-chord slot, pro-—
duced small increments in maximm 11ft of 0.06, 0.03, and 0.08 resulting
in maximm-11ft coefficlents of 1.19, 1.21, and 1.26, respectively. The
smeller—span leading—edge—flap conflguration was longitudinelly stable
near maximum 1ift for the conditions with and without suction but for
the O.T7h—percent—epen—flap configuration, longitudinal stebility near
the maximm 1ift was attalned only wlth a high-suctlion—flow rate. The
highest value of maximm-11ft coefficlent obtalned In this Investigation
was 1.32 for the wing wlth the O.Th-percent—span flaps in combination
with the split flaps and boundary—lsyer suction but the wing was wmstable
at stall.
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5. Blower—power failure would result In & reduction of the
maximm-11Pt coefficlents and instablliity at the stall for the leading-—

edge—flep conflguratlon.

Lengley Aeroneuticel Laboratory
National Advisory Committee for Aeronautilcs
Iangley Alr Force Base, Va.
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TABLE T

ATRFOIL. ORTFICE IOCATTON

Chordwise station, x/ct

Upper surface

Tower surface

0
.005
.010
015
025
.0ko
.060
.080
.120
J1T0
.220
«320
.b2o
520
.620
. 720

0
.005
.010
015
025
.0ho

170
.320

«520

. 720

NACA,
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TABIE II

NACA RM L50B15

SUMMARY OF MAXTWIM-IIFT RESUINS AND XOWGITUDINAL SPABTLITY CHARACTERISITICS

Stavility
Configuration Sugtion slote Suction-flow rate [Clpey (suotion) againat, Figoe
Sealsd |  -——-mee- 1.03 ---- — | 5(a)
0.00% High 1.20 0.17 e | 5(a}
0.005c Moderate 1.22 LOF _— 5(a)
0.00%50 Suction power failure| .98 —-21 ———— | 16{a)
Outboard ©.00% High 1.13 .10 —_— 5(a)
Plain wing 0.00%0 and 0.%00 High 1.19 26 = | 5(b)
0.0050 emd 0.h0o Modarete 1.13 20 —_— 5{b}
Qutboerd 0.00%5 High 1.17 o1k _— 3{b)
and 0,10c
0.02%¢ High 1.20 AT =7 5(c)
0.025% Modarets 1.13 .10 ——r 5(c}
0.02%¢ and 0.40c Eigh 1.19 .16 x?} 5{d)
0.085¢ and 0.40c ModeTate 1.13 .10 S———— 8(a)
Sealed | @ mews--e- 1.06 -——- —— ] 7w
—_—
0.005¢ Eigh 1.22 .16 —_—— [ (e
—_— -~
0.005¢ Koderate 1.13 07 —_— | s}
—_—
Somispen split flaps |Outtoard 0.00% High 1.18 AL —_— 7(a)
-
0.00% and 0.40o High 1.20 2k —_—] T}
[
0.005¢ and 0.400 Moderates 1.1 05 —_— | (b}
\/
1]
Outboaxd. 0.005c High 1.20 W1 e — (1)
and 0.%0c _—

TEA:&:‘;P"’
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TABIE IY.— Concluded

SUMMARY OF MAITMOM-TIET RESUITS AND IONGITUDINAT SPABTTIFY CHARACTERTEFYCS — Concluded

pYe:
Contiguration Suction slobs | Suctlion—flow rate |Clpar (mI:::n) Cns::i?s?% | *tgare

Extensible lealing— Seelsd | @ =mmmmeme 1.13 [ ---- — 9(e)

edge flape — O.MTR . Ty
0.025% High 1.19 0.06 R— 9{a)
0.02%¢ Moderate 1.17 Ok _— =)

D |
0.59% Seated | @ =mmmm--- 1.8 | ---- —\—7 9(b)

0.025¢ Eigh 121 .03 —_— 9(nv)

0.025¢ Hoderate 1.20 .02 — 9(v)

0.7H} Seeled | = -———---- 118 | --—- =y 9(c}

0.025% High 1.26 08 | = 9(c)

0.0250 Moderate 1.23 .05 —_— 9(e)

0.025¢ Suction powsr fallwre| 1.09 | —.1T | — 16(n)

0.025¢ end 0.40c High 1.29 JI1 ? 9(a)

0.025¢ =nd 0.%00 Moderate 1.2% .06 = 9(a)

0.74} end semlspen 0.025¢ High 132 | ---- —_— 9{c)
split flapa _)
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Aspect rdtio 34

Taper ratic 0.5}

Airfoil section NACA 64/AlI2

Root chord 10.8 ft

Tip chord 55 #

[ 8,78 ft
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tlon with boundary-layer control.
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Figure 1.- Three-view drawing of a 47.5° sweptback wing-fuselage combina-
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Figure 2,- Three-quarter front view of the 4¥7.5° sweptback wing boundary-
layer-control model mounted in the Langley full-scsle tumnel,
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(d) Enlarged view of leading-edge suction slot.

Figure 3.- The location and detaill dimensione of high-lift devices.
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Figure 5.- Effect of boundary-layer control by suction on the aerodynamic
characterietica of a 47.5° sweptback wing-fuselage combination.

R = 6.1 x 10°,
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Figure 6.- Stalling characteristics of a 47.5° sweptback wigg-fuselage
ombination with and without suction. R = 6.1 X 10°.
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